The nonmuscle (nm) myosin light-chain kinase isoform (MLCK), encoded by the MYLK gene, is a vital participant in regulating vascular barrier responses to mechanical and inflammatory stimuli. We determined that MYLK is alternatively spliced, yielding functionally distinct nmMLCK splice variants including nmMLCK2, a splice variant highly expressed in vascular endothelial cells (EC) and associated with reduced EC barrier integrity. We demonstrated previously that the nmMLCK2 variant lacks exon 11, which encodes a key regulatory region containing two differentially phosphorylated tyrosine residues (Y 464 and Y 471 ) that influence vascular barrier function during inflammation. In this study, we used minigene constructs and RT-PCR to interrogate biophysical factors (mechanical stress) and genetic variants (MYLK single-nucleotide polymorphisms [SNPs]) that are potentially involved in regulating MYLK alternative splicing and nmMLCK2 generation. Human lung EC exposed to pathologic mechanical stress (18% cyclic stretch) produced increased nmMLCK2 expression relative to levels of nmMLCK1 with alternative splicing significantly influenced by MYLK SNPs rs77323602 and rs147245669. In silico analyses predicted that these variants would alter exon 11 donor and acceptor sites for alternative splicing, computational predictions that were confirmed by minigene studies. The introduction of rs77323602 favored wild-type nmMLCK expression, whereas rs147245669 favored alternative splicing and deletion of exon 11, yielding increased nmMLCK2 expression. Finally, lymphoblastoid cell lines selectively harboring these MYLK SNPs (rs77323602 and rs147245669) directly validated SNP-specific effects on MYLK alternative splicing and nmMLCK2 generation. Together, these studies demonstrate that mechanical stress and MYLK SNPs regulate MYLK alternative splicing and generation of a splice variant, nmMLCK2, that contributes to the severity of inflammatory injury.
Clinical Relevance
Ventilator-induced lung injury is induced in critically ill patients undergoing high-tidal mechanical ventilation. The myosin light-chain kinase, encoded by the MYLK gene, is a critical regulator of lung vascular endothelial barrier disruption and recovery during ventilator-induced lung injury. This study demonstrates that single-nucleotide polymorphisms regulate MYLK gene splicing, thereby influencing endothelial barrier integrity.
Acute respiratory distress syndrome (ARDS) is a critical care illness characterized by lung vascular leakage of fluid, cells, and protein into the alveolar space, a perturbation evoked by circulating inflammatory mediators such as bacterial endotoxin, tumor necrosis factor-a (TNF-a), and IL-1 (1) . The lung vascular barrier is also compromised by excessive mechanical stress as a consequence of exposure to high shear stress (2) , or by exposure to cyclic stretch (CS)-induced mechanical stress (3) produced by high tidal volume mechanical ventilation, a syndrome termed ventilator-induced lung injury (4) . The lung endothelial cell (EC) cytoskeleton, a dynamic network of proteins involved in cell shape maintenance and cell-cell interactions, is highly responsive to changes in mechanical stress and is centrally involved in lung vascular barrier regulation and maintenance of vascular integrity (2, (5) (6) (7) (8) . The balance between actomyosin cytoskeleton contractile forces and cell-cell and cell-matrix interactions is dependent on the activities of a central bioregulatory cytoskeletal effector protein, myosin light-chain kinase (MLCK, gene code MYLK) (6) that phosphorylates myosin light chains on Ser 18 and Thr 19 to produce localized contraction. We have shown previously that lung vascular endothelium express the nonmuscle (nm) isoform of MLCK (nmMLCK) and that nmMLCK enzymatic activity is increased by permeability-enhancing agents such as thrombin (7) and TNF-a (9), resulting in EC stress fiber formation, cellular contraction, paracellular gap formation, and loss of vascular integrity (10) . As a result, nmMLCK has proved to be an attractive therapeutic target in preclinical models of lung inflammation and injury produced by mechanical ventilation (8, 11) , endotoxin (8, 12) , and allergen challenge (13) . For example, mice overexpressing nmMLCK in the endothelium exhibit markedly enhanced neutrophil diapedesis and vascular permeability in response to inflammatory stimuli, compared with wildtype mice (13) . The complexity of nmMLCK involvement in vascular barrier regulation is highlighted by its dual role as a critical participant in barrier-restoration responses elicited by barrier-promoting agonists such as sphingosine-1-phosphate (S1P) (14) and hepatocyte growth factor (15) . EC activation in response to S1P and hepatocyte growth factor drives nmMLCK translocation to the cell periphery and into lamellipodia to accelerate paracellular gap closure during the recovery phase of acute lung injury (14, 15) . Consistent with MYLK as a candidate gene in inflammatory lung processes, we have identified coding and promoter MYLK polymorphisms that confer increased risk of sepsis, ARDS (16) (17) (18) (19) , and asthma (19) (20) (21) and that influence the severity of disease, particularly in patients of African descent (16) (17) (18) (19) (20) (21) .We have determined that these single nucleotide polymorphisms (SNPs) functionally alter MYLK promoter activity, alter secondary messenger RNA (mRNA) structure, and influence nmMLCK translocation to lamellipodia to restore vascular barrier integrity (21) (22) (23) .
In contrast to the smooth-muscle MLCK isoform (1,147 amino acids; 135 kD), the nmMLCK isoform (1,914 amino acids; 210 kD), exhibits a unique N-terminus that contains sites for post-translational modification that regulate nmMLCK interactions with actin (24) and other actin-binding proteins (25) and alters Ca 11 requirements for optimal enzymatic activity (26) (27) (28) . Another distinction between smooth-muscle MLCK and nmMLCK is that MYLK undergoes alternative splicing to yield only nmMLCK variants, including nmMLCK2, the major MYLK alternatively spliced variant expressed in human lung endothelium (27) . The nmMLCK transcript contains 34 exons, including the regulatory exon 11, which encodes two key tyrosine residues (Y  464 and Y   471 ). Exon 11 is deleted in the alternatively spliced nmMLCK2 variant, thereby altering regulation via post-translational modifications such as phosphorylation catalyzed by pp60 src (10) and c-Abl kinases (29) . Consistent with the involvement of Y 464 and Y 471 phosphorylation (residing in exon 11) in regulating nmMLCK trafficking to subcellular locations to promote paracellular gap closure (10, 22, 25, 29) , mice overexpressing nmMLCK2 (lacking exon 11) exhibit increased susceptibility to lung injury (30) . Given these unique contributions of wild-type nmMLCK and the alternatively spliced nmMLCK2 variant to the regulation of inflammatory lung vascular permeability, we analyzed the participation of CS-mediated mechanical stress and SNPs in the regulation of MYLK alternative splicing. Using minigene constructs and RT-PCR to estimate the relative levels of nmMLCK1/nmMLCK2, we now demonstrate that excessive mechanical stress promotes MYLK alternative splicing and nmMLCK2 generation in human lung EC. In silico approaches led to the identification of MYLK SNPs that directly influence splicing patterns, results validated in lymphoblastoid cell lines harboring these SNPs. Together, these results indicate that MYLK alternative splicing is a highly regulated process with important ramifications in defining the magnitude of inflammatory injury.
Materials and Methods

CS and RT-PCR Analysis of MYLK in Human EC
CS experiments were performed using the FX-5000 Flexcell Tension Plus System (Flexcell International, McKeesport, PA) equipped with a 25-mm loading station, as we have described previously (31) . EC were plated in BioFlex 6-well culture plates coated with collagen-1 (Flexcell International) in complete medium containing 10% fetal bovine serum. Plates were loaded onto the Flexcell system and exposed to 5% or 18% high-magnitude CS for 8 hours. Control plates were placed in the same incubator during the stretch period. RNA was isolated using Trizol according to the manufacturer's instructions. First-strand complementary DNA synthesis was performed using oligo (dT) primers and the Protoscript AMV First-Strand cDNA Synthesis System (New England Biolabs, Ipswich, MA). Semiquantitative RT-PCR was performed using primers MLCK-for GCCAGGAGGTCAAGGAAAAT and MLCK-rev CCAAGGCATTCTCAGCTAGG. Human TATA binding protein (TBP) was used as a control for normalization of gene expression using primers (TBP-for TGACCCAGGGTGCCATGA and TBP-rev TGAATAGGCTGTGGGGTCAG). Band intensities were quantitated using Imagelab (Bio-Rad, Hercules, CA) and were normalized to wild-type nmMLCK1 values under static conditions.
Analysis of SNPs
Analysis of the SNP variants was performed using Splicing-based Analysis of Variants (SPANR) (32) and SpliceScan (33) .
Minigene Analyses of MYLK Splice Variants
A portion of the MYLK comprising exon 10 to exon 12 was cloned into pCMV6-Entry (Origene, Rockville, MD). RNA was isolated from transfected HEK-293 cells and controls using Trizol, purified using the Purelink Mini RNA kit (Life Technologies, Carlsbad, CA) and was treated with Turbo DNase free (Life Technologies) to eliminate any contamination from genomic DNA and transfected DNA. Five hundred nanograms of RNA was reverse transcribed using the primer CMV6R (2 pmol per reaction of 20 ml), dNTPs, and 10U Transcriptor (Roche, Mannheim, Germany). To avoid detection of the endogenous MYLK gene, CMV6R was designed to be specific to pCMV6-Entry and carried no significant homology to the MYLK gene. Conditions were set at 55 8 C for 30 minutes, followed by 85 8 C for 5 minutes to inactivate the reverse transcriptase. PCR was performed using MLCK exon10F (GGCCAGAGGGATTCAGCATT) and MLCK exon12R (ACCTCCATCACG GCAAGC) located on exon 10 and exon 12, respectively, using GoTaq DNA polymerase (Promega, Madison, WI) to yield products with expected sizes of 317 and 110 bp, corresponding to nmMLCK1 and nmMLCK2. PCR products were visualized using a Gel doc, band intensities were quantified using Imagelab (Bio-Rad), and ratios of exon inclusion (nmMLCK1/nmMLCK1 1 nmMLCK2) and exon skipping (nmMLCK2/nmMLCK1 1 nmMLCK2) were calculated.
RT-PCR Analysis of Lymphoblastoid Cell Lines
A total of 1 mg of RNA isolated from lymphoblast cell lines was reverse transcribed using anchored Oligo-dt (20) (Integrated DNA Technologies, Coralville, IA) and Superscript III (Life Technologies) in a 20-ml reaction at 50 8 C for 60 minutes, followed by inactivation of the reverse transcriptase at 70 8 C for 15 minutes. PCR and quantitation of products were performed as described previously.
Statistical Analysis
Data were analyzed using Student's t test, and the statistical threshold was set at P , 0.05.
Results
CS-Induced Alterations in MYLK Alternative Splicing
To analyze the effect of CS-mediated mechanical stress on MYLK splicing, we subjected human lung EC to 5% CS, mirroring the physiological levels of mechanical stress that correspond to normal breathing, and to 18% CS, reflecting the pathological levels of mechanical stress that mimic high tidal volume ventilation. EC exposed to 18% CS for 8 hours exhibited higher levels of total nmMLCK mRNA (RT-PCR) when compared with EC exposed to 5% CS or EC exposed to static conditions only ( Figure 1A ). We next determined if higher levels of total nmMLCK reflected alterations in the relative balance of wild-type (nmMLCK1) and nmMLCK2 levels in response to mechanical stress. When EC nmMLCK expression levels were normalized to static conditions, the quantitation of mRNA levels of wild-type nmMLCK1 and alternatively spliced nmMLCK2 revealed selective increases in nmMLCK2 mRNA levels in response to exposure to 18% CS ( Figure 1B ), whereas nmMLCK1 and nmMLCK2 levels were unaltered by exposure to 5% CS. These studies indicate that excessive mechanical stress, but not physiologic mechanical stress, produces selective increases in the expression of the vascular barrier-disrupting nmMLCK splice variant, nmMLCK2.
In Silico Analysis to Identify MYLK SNPs That Influence Alternative Splicing
As noted above, we have previously identified MYLK SNPs that increase the risk and severity of inflammatory lung diseases such as asthma, sepsis, and ARDS (13, (16) (17) (18) (19) (20) (21) . We next used in silico bioinformatic approaches to identify 19 SNPs within exon 11 and 10 SNPs within exonflanking nucleotide sequences that potentially regulate MYLK alternative splicing. These SNPs were then analyzed for their potential influence on alternative splicing, using SPANR (32) (see Table E1 in the online supplement), with two SNPs, rs147245669 and rs77323602, selected as top-ranking SNPs on the basis of dPSI of 258.9 and 5.44, respectively, a metric that indicates the percentage of transcripts with the exon spliced in (32) . Complementing this SPANR analysis, we also used SpliceScan software (33) and demonstrated that the strong donor motif AAGGTGAGT (strength of 0.92) in rs77323602 would favor inclusion of exon 11 and therefore would be predicted to yield greater levels of wild-type nmMLCK1 (Table 1 ). In contrast, the donor motif AAAGTGAAT in rs147245669 was classified as a weak donor site, thereby promoting exon 11 skipping, and would conversely be predicted to favor greater nmMLCK2 expression. In summary, bioinformatics analyses indicated that the MYLK SNP rs77323602 would favor wild-type nmMLCK1 expression and that rs147245669 would contribute to nmMLCK2 expression.
Verification of Bioinformatic Analyses Using a MYLK Minigene
To test the validity of these in silico predictions, a minigene system was developed consisting of a MYLK exon 10-12 plasmid containing MYLK exons 10-12 and the introns in between 10-12 that were cloned into the vector pCMV6-Entry (Origene) (Figures 2A and 2B) . The MYLK Ex 10-12 plasmid was transfected into HEK293 cells and RNA was extracted and reverse transcribed using a primer specific to the pCMV6-Entry vector backbone ( Figure 2B ), yielding two major PCR products corresponding to the expected size of wild-type nmMLCK1 (exons 10, 11, and 12) and nmMLCK2 Figures 2D and 2E ).
Analysis of MYLK Splicing and nmMLCK2 Generation in Human Lymphoblastoid Cell Lines
Further studies of the effects of the SNPs were performed in human lymphoblastoid cells because lymphoblast cell lines incorporating these SNPs are readily available and it was technically challenging to engineer these SNPs in primary human EC. To further validate the influence of MYLK SNPs rs147245669 and rs77323602 on MYLK alternative splicing, we surveyed the 1,000 genome database and identified individuals harboring these SNPs (Table 2) . We next obtained specific lymphoblastoid cell lines (Coriell Institute, Camden, NJ) that were generated from three individuals (GM 20334, GM 20322, and GM19900) with a TT genotype for SNP rs77323602, and lymphoblastoid cell lines from three individuals (GM20332, GM19908, and GM19916) with a TC genotype for SNP rs77323602. RNA was isolated next, and semiquantitative RT-PCR was performed to determine exon inclusion and exon exclusion ratios and nmMLCK1 and 2 levels ( Figure 3A) . Densitometric quantification confirmed that individuals with a TC genotype exhibited higher exon inclusion ratios, implying that nmMLCK1 expression was favored ( Figure 3B ), reflecting reduced exon skipping ( Figure 3C ). To investigate the influence of rs147245669, lymphoblastoid cell lines were obtained from three individuals (GM20760, GM 20761, and GM20756) carrying a CC genotype and from a single individual with a TC genotype (GM 20757, harboring SNP rs147245669). RT-PCR analysis showed that GM 20757 (with the TC genotype) exhibited reduced nmMLCK1 levels ( Figure 3D , lane 4), as indicated by a decrease in exon 11 inclusion ( Figure 3E ) and an increase in exon skipping ( Figure 3F ). These findings are again consistent with in silico predictions and generated minigene data Bars correspond to (1) minigene, (2) minigene-rs77323602, and (3) minigene-rs147245669. Exon inclusion was defined by nmMLCK1/(nmMLCK1 1 nmMLCK2), and exon skipping by nmMLCK2/(nmMLCK1 1 nmMLCK2) band intensities. bp, base pair; CMV, cytomegalovirus.
that SNP rs147245669 favors an increase in exon skipping and nmMLCK2 generation.
Discussion
In the current study, we report that exposure to pathological mechanical stress (lung injuryproducing mechanical stress) as well as E1B ) and loss of TER responses over baseline. We have reported previously that the barrier agonist S1P protected cells from the thrombin-induced resistance decrease and caused an increase in TER over baseline (34) , supporting distinct roles of the two isoforms in regulating the vascular barrier in response to thrombin. These results provide for a fine-tuned posttranscriptional control mechanism of nmMLCK participation in lung injury and repair that is influenced by genetic variation and environmental perturbation in the form of excessive mechanical stress. In severe acute lung injury such as ARDS, increased vascular hyperpermeability produces persistent lifethreatening alveolar flooding contributing to the observed mortality rates of 30-40% (1, 35, 36) . This lung endothelial hyperpermeability reflects loss of EC barrier integrity caused by actin cytoskeletal remodeling and an imbalance between barrier-disruptive stress fibers and protective peripheral cortical actin (6), processes tightly regulated by nmMLCK activity and spatial-specific myosin lightchain phosphorylation (Ser 18 and Thr 19 ). We have shown that mice deficient in nmMLCK, the primary isoform present in human endothelium (27) , are protected against the injurious effects of excessive mechanical stress produced in vitro or by mechanical ventilation in preclinical models of ventilator-induced lung injury (8) and have provided substantial insights into the mechanisms underlying nmMLCK-mediated barrier regulation (7, 14, 25, 26, (29) (30) (31) (37) (38) (39) (40) (41) (42) (43) (44) . The major nmMLCK alternatively spliced variant, nmMLCK2, is highly expressed in lung endothelium (27) and is distinguished from the wild-type nmMLCK1 by the absence of a 69 amino acid stretch encoded by exon 11 that is contained in nmMLCK1. Exon 11 in wild-type nmMLCK1 includes two key tyrosines (Tyr 464 and Tyr 471 ) that are phosphorylation sites for c-Abl and p60 src kinases (6, 10) and are critical to lung vascular barrier regulation (10, 29) . For example, cAbl is activated by barrier-protective agents such as sphingosine1-phosphate, resulting in nmMLCK1 binding to the actin-binding protein, cortactin, and thereby promoting nmMLCK1 translocation to the lamellipodia (25, 45) , paracellular gap resolution, and reduced vascular leak (29) . The selective deletion of exon 11 is highly proinflammatory because this precludes the regulatory effects present on exon 11 that influence nmMLCK's participation in lung vascular barrier restoration. The alternatively spliced nmMLCK variant, nmMLCK2, promotes vascular hyperpermeability (30) and retards the recovery of vascular barrier integrity (46) . Significantly, mice overexpressing nmMLCK2 show increased lung injury in response to LPS and mechanical ventilation (30) . These data suggest that nmMLCK2 is uniquely generated by alternative splicing and is functionally distinct from wild-type nmMLCK1.
MYLK, the gene encoding both wild-type nmMLCK1 and the variant, Definition of abbreviations: C, cytosine; dPSI, change in percent of transcripts with the exon spliced in; MLCK, myosin light-chain kinase; SNP, single-nucleotide polymorphism; T, thymine. Table 2 . List of Lymphoblast Cell Lines Used in this Study and Genotypes at Two SNP (rs147245669 and rs77323602) Loci
Cell Line Population
Genotype at rs147245669
Genotype at rs77323602
Definition of abbreviations: ASW, African ancestry in Southwestern United States; C/C, cytosine/cytosine; GM, Genome (prefix in the Coriell Institute catalog); SNP, single-nucleotide polymorphism; T/C, thymine/cytosine; TSI, Toscani in Italia; T/T, thymine/thymine. nmMLCK2, has been characterized as a candidate gene whose SNPs influence the susceptibility to and the severity of inflammatory lung disorders such as sepsis-and trauma-induced ARDS and asthma (13, (16) (17) (18) (19) (20) (21) . We confirmed the role of MYLK SNPs in alternative splicing and generation of mMLCK2 by designing a minigene comprising exons 10-12 of the MYLK gene.
Minigenes have been used to analyze splicing and exhibit the advantage of engineering mutations and analyzing the effects of other splicing factors by cotransfection (47) . Using our minigene system, we validated the in silico predictions for SNPs rs77323602 and rs147245669 in alternative splicing and observed greater nmMLCK1 expression in the presence of the SNP rs77323602 and only nmMLCK2 in the presence of rs147245669. These results were in strong synchrony with the Bayesian splice sensor (33) and SPANR (identification of cis splicing elements) (32) software predictions of greater exon skipping in the presence of rs147245669 and reduced exon skipping by rs77323602. In addition, these predictions and results with the minigene assays were strongly validated in our studies using lymphoblastoid cells harboring these SNPs. The absence of wild-type nmMLCK1 expression in the presence of the SNP rs147245669 suggests that either the site is essential for recognition of the splicing signals by the spliceosome or that other regions besides exons 10-12 present on the minigene are critical for alternative splicing. It has been estimated that 22-25% of human disease mutations will cause alterations in protein splicing patterns (48) . We have previously identified race-specific SNPs in MYLK that affect susceptibility to ARDS and asthma (13, (16) (17) (18) (19) (20) (21) . For example, SNPs P21H, S147P, and V261A increase the susceptibility of African American patients to sepsis-and trauma-induced ARDS and asthma (16, 20) . Other MYLK SNPs were shown to affect transcription factor binding (rs820336 can regulate binding of FOXN1) and MYLK expression (patients with asthma with rs936170 show reduced expression of MYLK) (17) . We now demonstrate a role for rs77323602 and rs147245669 in the regulation of MYLK splicing. The location of these SNPs at the splicing boundary suggests that these SNPs affect the binding of splicing machinery components. However, additional SNP effects cannot be ruled out because SNP rs77323602 (on exon 11) may alter mRNA stability, as we have shown for SNP rs9840993 (23) , and increased MYLK mRNA half-life, leading to better translation efficiency. Consistent with our data, the presence of an SNP at the splice donor site in the MER tyrosine kinase gene causes exon skipping, resulting in a frame shift and premature termination, affecting the MER tyrosine kinase activity in retinal pigment epithelial cells (49) .
Although the low frequency of the two SNPs under investigation (rs147245669 and rs77323602 with frequencies of 0.0005 and 0.01, respectively) has precluded analyses of the clinical significance in our ARDS cohort, the knowledge of the functional contributions of these SNPs to MYLK splicing is invaluable. Functional validation of genetic variants provides future possibilities for personalized medicine, especially for diseases with high mortality rates and those lacking specific cures, such as ARDS. In addition, rare SNPs, including rs77323602 (MAF, 0.07 in YRI and absent in EUR) (data from single nucleotide polymorphism database), exist in various ethnic groups with differential frequency, and functional interrogation of these SNPs can provide the foundation for understanding the genetic contribution to health disparities and disease heterogeneity among various ethnic groups.
The showing that nmMLCK2 levels were increased in the individual carrying the SNP rs147245669. Lymphoma lines GM20760, GM20761, and GM20757 represent the "CC" genotype in lanes 1, 2, and 3, respectively, whereas GM20757 represents the "TC" variant in lane 4. Levels of nmMLCK2 were increased as a result of the SNP rs147245669. (E and F) Densitometry of RT-PCR analysis showing exon inclusion (E ) and exon skipping (F ). Exon inclusion was defined by nmMLCK1/(nmMLCK1 1 nmMLCK2), and exon skipping by nmMLCK2/(nmMLCK1 1 nmMLCK2) band intensities. All data were obtained from three independent experiments and are presented as mean 6 SE. C/C, cytosine/cytosine; GM, Genome (prefix in the Coriell Institute catalog); T/C, thymine/cytosine; T/T thymine/thymine. alternative splicing. A drawback of the minigene system is the absence of other elements, including other introns and exons that potentially regulate splicing. Therefore, to validate our findings using the minigene, we identified lymphoblast cell lines (available from the Coriell Institute from the 1,000 genome project) that harbor these SNPs in complete genomes and analyzed nmMLCK1/nmMLCK2 mRNA ratios by RT-PCR. We replicated our initial minigene findings and demonstrated that rs77323602 reduced exon skipping and produced greater exon inclusion (resulting in increased expression of wild-type nmMLCK1) and that rs147245669 produced increased exon skipping (resulting in increased nmMLCK2 expression). In light of these findings, we analyzed the splice donor sites at exon 10 and exon 11 of the nmMLCK transcript on the basis of the splice donor site consensus sequence, AGgta/gagt (50) (Figure 4 ), and observed a strong conservation of the splice donor sites at exon 10. However, the splice donor site at exon 11 was weaker, with only seven residues matching the consensus. The presence of the SNP rs77323602 at the splice donor site of exon 11 restores the donor site to the consensus, strengthening the splice site, and would be predicted to improve the recognition of the splice donor site by the splicing machinery and inclusion of the exon 11 to generate wild-type nmMLCK1. In contrast, the presence of the SNP rs147245669 causes the substitution of an "a" at residue 7 of the consensus AAgtgagt, thereby weakening the splice site and lowering recognition of the splice donor signals, followed by exon skipping and greater levels of nmMLCK2 expression. In this context, the exon definition model in which the splicing machinery marks the exon and is the predominant form in higher organisms with longer introns is favored (51) . On the basis of our data, we cannot rule out the possibility that the SNPs we have studied may affect other determinants of splicing, such as exonic splice silencers, exonic splice enhancers, intronic splice silencers, and/or intronic splice enhancers.
It is plausible that SNPs and mechanical stress regulate alternate splicing by independent mechanisms. The occurrence of the two SNPs (rs147245669 and rs77323602) is at a region defined as a splicing junction that is critical for splice site identification and assembly of the spliceosome (discussed above). Consequently, alteration in the sequence by the presence of the SNPs affects splicing, which we have demonstrated using a minigene and lymphoblast lines, reflecting a direct effect on spliceosome assembly or the splicing machinery. Analysis of point mutations at the splice site at the splice junction has been shown to directly affect mRNA splicing (52) . On the other hand, mechanical stretch has been shown to directly affect alternate splicing of tenascin, collagen XII, and versican, which are attributed to alteration of calcium signaling and to mechanical signals transmitted from the exterior of the cell to the interior through the Integrin, FAK, and ERK pathways (53) .
Conclusions
In summary, using minigene constructs and RT-PCR, we have demonstrated that human lung endothelium exposed to excessive mechanical stress (18% CS) produced increased nmMLCK2 expression, with alternative splicing significantly influenced by MYLK SNPs rs77323602 and rs147245669. In addition, lymphoblastoid cell lines harboring these MYLK SNPs (rs77323602, rs147245669) directly validated SNP-specific effects on MYLK alternative splicing and nmMLCK2 generation. These studies demonstrate that mechanical stress and MYLK SNPs regulate MYLK alternative splicing and nmMLCK2 generation, a splice variant that contributes to the susceptibility and severity of ventilator-induced lung injury and inflammatory lung injury. n Figure 4 . Analysis of splice donor consensus sequence sites in the MYLK gene. The splice donor sites within the exons 10-12 on nmMLCK were analyzed with reference to the splice donor consensus as determined by Senapathy and colleagues (50) . The sequence at the splice donor site is indicated over the exons; exonic sequences are capitalized and introns are in lower case. The number of residues conforming to the splice donor consensus is also shown.
